Coronary thrombosis is the most frequent final event leading to an acute coronary syndrome (ACS). The 3 most common underlying mechanisms contributing to ACS are believed to be plaque rupture (PR), plaque erosion, and calcified nodule (1, 2) . Plaque rupture is the most frequent finding in autopsy studies of patients with sudden cardiac death (SCD) (1, 3, 4) . However, a significant portion of thrombotic lesions found on autopsy are not associated with an underlying PR. In a series of 20 case subjects with SCD, van der Wal et al. (5) found PR in only 60% of lesions; the remaining 40% showed only plaque erosion without rupture. Virmani et al. (1) studied over 200 cases of SCD. Only one-third of lesions could be described as PR, and 35% of lesions with thrombi failed to show rupture. A more recent autopsy study reported that approximately two-thirds (69%) of SCD cases showed organizing or healing thrombi, of which 88% were caused by erosion (6) . The least common pathological finding associated with thrombosis is calcified nodules. Calcified nodules are pathologically defined as the presence of fracture of a calcified plate, interspersed fibrin, and a disrupted fibrous cap with an overlying thrombus (1, 3) . The frequency of erosion and calcified nodule might be underestimated in patients with ACS due to the lack of diagnostic modalities that readily identify them.
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Optical coherence tomography (OCT) is an emerging intravascular imaging modality with a resolution of 10 to 20 mm. It can visualize the microstructure of atherosclerotic plaque (such as fibrous cap, thrombus, and calcification), and the OCT characteristics were validated by histology (7, 8) . Pathologically, plaque erosion is defined as a loss of endothelial lining with lacerations of the superficial intimal layers in the absence of "trans-cap" ruptures (1). However, OCT does not provide adequate resolution to identify the endothelial lining. Therefore, the pathological definition of erosion cannot simply be adapted for the OCT definition. In addition, calcified nodules have never been systematically studied by OCT.
The aim of our study was to evaluate the morphological characteristics of OCT-determined plaque erosion (OCTerosion) and calcified nodules (OCT-CN) in patients with ACS (including ST-segment elevation myocardial infarction
[STEMI] and non-ST-segment elevation acute coronary syndrome [NSTE-ACS]).
Methods
Study population. The Massachusetts General Hospital OCT Registry is a multicenter registry of patients undergoing OCT imaging of the coronary arteries and includes 20 sites across 6 countries. We selected patients with ACS who have undergone pre-intervention OCT imaging of culprit lesions from the registry. Of 206 ACS patients, 126 were included for analysis. The remaining 80 cases were excluded for the following reasons: pre-dilation (n ¼ 38), previous stent implantation in the culprit vessel (n ¼ 27), left main disease (n ¼ 2), massive thrombus (n ¼ 6), and poor image quality (n ¼ 7).
The patients with ACS consisted of STEMI and NSTE-ACS. ST-segment elevation myocardial infarction (MI) was defined as continuous chest pain that lasted >30 min, arrival at the hospital within 12 h from the onset of symptoms, ST-segment elevation >0.1 mV in >2 contiguous leads or new left bundle-branch block on the 12-lead electrocardiogram (ECG), and elevated cardiac markers (creatine kinase-myocardial band or troponin T/I). The NSTE-ACS included non-ST-segment elevation myocardial infarction (NSTEMI) and unstable angina pectoris. NSTEMI was defined as ischemic symptoms in the absence of ST-segment elevation on the ECG with elevated cardiac markers. Unstable angina pectoris was defined as having newly developed/accelerating chest symptoms on exertion or rest angina within 2 weeks. The culprit lesion was identified on the basis of coronary angiogram, stress test, ECG, left ventriculogram, or echocardiogram. The protocol for the registry was approved by the institutional review board of each site, and all patients provided informed consent.
University, Nara, Japan; {{Division of Cardiology, Memorial Heart Center, Iwate Medical School, Morioka, Japan; ##Tsuchiura Kyodo General Hospital, Tsuchiura, Japan; ** Patients requiring pre-dilation and aspiration thrombectomy before OCT imaging were excluded. In the M2/M3 system, an occlusion balloon (Helios, LightLab Imaging) was inflated proximal to the lesion at 0.4 to 0.6 atm during image acquisition. The optical probe was automatically pulled back from distal to proximal at a rate of 1.0 to 3.0 mm/s, and saline was continuously infused from the tip of the occlusion balloon. In the C7XR system, a 2.7-F OCT imaging catheter was carefully advanced distal to the culprit lesion. The automated pullback was performed at 20 mm/s, while blood was displaced by a short injection of contrast media or Dextran through the guiding catheter. The images were digitally stored for offline analysis. OCT image analysis. All OCT images were analyzed in the MGH OCT Core Laboratory by 2 experienced investigators (H.J. and F.A.) who were blinded to the angiographic data and clinical presentations. When there was discordance between the observers, a consensus reading was obtained from a third investigator. Definition and classification. The plaque classification algorithm is shown in Figure 1 . The current definitions of plaque erosion and calcified nodules have been wellestablished by pathology studies. To establish OCT criteria of OCT-erosion and OCT-CN, the resolution limits of OCT and the effects of prior treatment of patients with antithrombotics and thrombolysis had to be considered. A new set of OCT diagnostic criteria for OCT-erosion and OCT-CN was developed that incorporated the key aspects of the pathological definitions that could be visualized by OCT in the context of live treated patients. Because the OCT metrics for erosion are different from the pathological definition, we used the term "OCT-erosion" instead of erosion. The OCT-erosion was defined and categorized according to the absence of fibrous cap disruption and the presence of thrombus. Definite OCT-erosion was identified by the presence of attached thrombus overlying an intact and visualized plaque (Fig. 2) . Probable OCT-erosion was defined by: 1) luminal surface irregularity at the culprit lesion in the absence of thrombus; or 2) attenuation of underlying plaque by thrombus without superficial lipid or calcification immediately proximal or distal to the site of thrombus (Fig. 3 ). This is in contrast to the pathological definition of erosion, which requires the presence of attached thrombus. Distinct from autopsy studies of acute coronary events, these subjects survived the acute event and were treated with antithrombotic therapy. As a result, the thrombus overlying the lesion might have been dissolved before OCT imaging. The OCT-CN was defined when fibrous cap disruption was detected over a calcified plaque characterized by protruding calcification, superficial calcium, and the presence of substantive calcium proximal and/or distal to the lesion (Fig. 4) . Plaque rupture was identified by the presence of fibrous cap discontinuity with a clear cavity formed inside the plaque (Fig. 5) .
The culprit lesions that did not meet the aforementioned criteria were classified as others, which included tight stenosis (Online Fig. 1 ) in the absence of any evidence of plaque rupture, OCT-erosion, or OCT-CN, spontaneous coronary artery dissection (Online Fig. 2 ), coronary spasm (Online Fig. 3 ), and fissure (Online Fig. 4 ).
Tissue characteristics of underlying plaque were defined with previously established criteria (7-9). Plaques were classified as: 1) fibrous (homogeneous, high backscattering For each lipid plaque, the maximal lipid arc was measured. Lipid length was recorded on a longitudinal view. Thin-cap fibroatheroma was defined as a plaque with lipid content in !2 quadrants and the thinnest part of the fibrous cap measuring <65 mm. Intracoronary thrombus was defined as a mass (diameter >250 mm) attached to the luminal surface or floating within the lumen, including red (red blood cell-rich) thrombus, defined by high backscattering and high attenuation, or white (platelet-rich) thrombus, defined by homogeneous backscattering with low attenuation. Calcification was defined as an area with low backscattering signal and a sharp border inside a plaque. Microchannels were defined as signalpoor voids that were sharply delineated in multiple contiguous frames (9) . Interobserver and intraobserver variability were assessed by the evaluation of all images by 2 independent observers and by the same observer at 2 separate time points, respectively. The inter-observer Kappa coefficients for thrombus, PR, definite OCT-erosion, probable OCTerosion, and OCT-CN were 0.860, 0.885, 0.961, 0.877, and 0.927, respectively. The intra-observer Kappa coefficients for thrombus, PR, definite OCT-erosion, probable OCT-erosion, and OCT-CN were 0.953, 0.952, 0.970, 0.884, and 1.000, respectively. Quantitative coronary angiography. Coronary angiograms were analyzed with the Cardiovascular Angiography Analysis System (Pie Medical Imaging B.V., Maastricht, the Netherlands). The reference diameter, minimum lumen diameter, diameter stenosis, area stenosis, and lesion length were measured. Statistical analysis. All statistical analyses were performed by an independent statistician at the core laboratory. Categorical variables were presented as counts and proportions, and the comparisons were performed with a Fisher exact test. Continuous variables were presented as mean AE SD. The means of the continuous measurements were examined with the independent samples t test for 2-group comparisons, and analysis of variance for 3-group comparisons (plaque rupture, OCT-erosion, and OCT-calcified nodule) followed by post hoc test protected overall significance level of 0.05. A Bonferroni correction was used to control for multiple comparisons among the 3 groups (plaque rupture, OCT-erosion, and OCT-calcified nodule). All statistical analyses were performed with SPSS (version 17.0, SPSS, Inc., Chicago, Illinois). All p values were 2-sided.
Results
Baseline demographic data and laboratory results. The clinical characteristics of classified patients (PR, OCTerosion, or OCT-CN) and patients with other atypical lesion characteristics are summarized in Table 1 . There were no significant differences in all of the clinical characteristic variables between the 2 groups. The comparison of patient 
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Plaque Erosion and Calcified Nodules by OCT characteristics among PR, OCT-erosion, and OCT-CN are summarized in Table 2 . Patients with OCT-erosion were the youngest compared with those with PR and OCT-CN. Patients with OCT-CN had the highest incidence of hypertension and chronic kidney disease compared with the other 2 groups. ST-segment elevation MI was more common in patients with PR than in those with OCT-erosion and OCT-CN. In contrast, the presentation of NSTE-ACS was predominant in patients with OCT-erosion and OCT-CN. Other variables, including sex, smoking, diabetes mellitus, hyperlipidemia, family history of coronary artery disease, prior MI, angiotensin-converting-enzyme inhibitor/angiotensin II receptor blocker use, and statin treatment, were comparable among the groups. Creatinine levels were highest in patients with OCT-CN, followed by those with PR and OCT-erosion. Other laboratory variables were comparable among the groups ( Table 2) . Incidences of PR, OCT-erosion, and OCT-CN in patients with ACS. Among 126 culprit lesions studied, 55 (43.7%) lesions were classified as PR, 39 (31.0%) were classified as OCT-erosion, 10 (7.9%) were classified as OCT-CN, and 22 lesions (17.5%) were classified as others, which consisted of 8 (6.3%) lesions with tight stenosis, 3 (2.4%) with dissection, 2 (1.6%) with coronary spasm, 1 (0.8%) with fissure, 1 (0.8%) with Takotsubo, and the remaining 7 (5.6%) showing absence of any aforementioned characteristics. Among 39 OCT-erosion cases, definite OCT-erosion was detected in 23 (18.3%) patients, and probable OCT-erosion was detected in 16 (12.7%) patients (Fig. 6) . Angiographic findings. The lesion distribution and quantitative coronary angiography data are listed in Table 3 . The OCT-erosion was more frequently detected in the left anterior descending artery, followed by the right coronary artery, and least in the left circumflex artery. Plaque rupture was equally distributed in the left anterior descending artery and right coronary artery. The reference diameter was comparable among the 3 groups. The minimum lumen diameter was largest in the OCT-erosion group, followed by the OCT-CN and PR groups (p ¼ 0.007). The diameter stenosis was least severe in the OCT-erosion group, followed by the OCT-CN and PR groups (p < 0.001). No significant difference was seen in lesion length (p ¼ 0.424). Underlying plaque characteristics by OCT. The tissue characteristics of underlying plaque are shown in Table 4 . In all rupture cases, the underlying plaques were lipid plaque. However, OCT-erosion was detected both in fibrous plaque and lipid plaque. Calcification was present in 22 of 55 (40.0%) PR, compared with 5 of 39 (12.8%) OCT-erosion (p ¼ 0.016). Thin-cap fibroatheroma was observed in 67.3% of PR, 10.3% of OCT-erosion, and none of OCT-CN (p < 0.001). There was no significant difference in the presence of microchannels among the 3 groups. White thrombus was predominantly detected with OCT-erosion and OCT-CN, whereas red thrombus was found most Jia (Table 4) . Quantitative OCT analysis of lipid plaque is shown in Table 5 . Lipid plaque detected underneath OCT-erosion had a thicker fibrous cap (p ¼ 0.001), smaller lipid arc (p < 0.001), and shorter lipid length (p ¼ 0.008), as compared with those underneath the PR.
Discussion
To our knowledge, this study represents the first systematic effort to use OCT to characterize the morphologies of the 3 most common causes of ACS. The major findings of the present study are: 1) OCT provides unique insights in patients with plaque erosion and calcified nodule in addition to plaque rupture; 2) fibrous cap rupture was absent in more than one-half of culprit lesions (31% of lesions were classified as OCT-erosion, 8% were classified as OCT-CN, and the remaining 17% were classified as others and did not meet the criteria of PR, OCT-erosion, or OCT-CN); 3) patients with OCT-erosion were younger, had less severe stenosis, and less frequently presented with STEMI than those with PR; NSTE-ACS is the predominant presentation for the patients with OCT-erosion; and 4) lipid was less frequently detected in OCT-erosion than in PR. When lipid was present underneath OCT-erosion, overlying fibrous cap was thicker, lipid arc was smaller, and lipid length was shorter compared with those involved in PR. In vivo detection of plaque erosion and calcified nodule with intravascular OCT. Coronary angiography is considered the gold standard diagnostic modality for the evaluation of patients presenting with ACS. However, angiography shows only the luminal outline and is not able to visualize intravascular structure. Although intravascular ultrasound is widely used to evaluate plaque morphology, including plaque burden and remodeling, the resolution is inadequate to characterize subtle changes in the vascular wall. For example, intravascular ultrasound cannot be used to detect mural thrombus, thin fibrous cap, and irregular or eroded surface. OCT is a promising modality for in vivo identification of these characteristics, which are predominantly located on the superficial surface of plaques. A limited number of imaging studies have evaluated the role of plaque erosion and calcified nodule in the pathophysiology of ACS 
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Plaque Erosion and Calcified Nodules by OCT in vivo (10, 11) . Moreover, the definitions used in those studies were based purely on pathological findings (loss of endothelial cell lines and/or dysfunction of endothelial cells) (1), which are beyond the resolution of OCT. In the present study, we established new diagnostic criteria for OCT-erosion and OCT-CN on the basis of pathological findings but also taking into account the limitations of OCT and the differences between live patient and postmortem evaluations. We used the proposed definitions to systematically classify the culprit lesions of patients with ACS. These definitions will be helpful for future OCT studies on investigating the underlying pathological mechanism of ACS. Frequency of PR, OCT-erosion, and OCT-CN in patients with ACS. The most common underlying mechanisms responsible for acute coronary thrombosis are PR, plaque erosion, and calcified nodules (1) . Plaque rupture is a widely recognized cause of ACS and is the most common morphology associated with acute coronary thrombosis. A previous autopsy study reported that the prevalence of PR and erosion in postmortem subjects with acute MI was 60% and 40%, respectively (5). Farb et al. (12) studied 50 consecutive SCD cases and found ruptures in 28 patients and erosions in 22. Another autopsy study conducted by Hisaki et al. (13) reported 70 PR and 54 erosions in 124 lesions of 122 postmortem patients with ACS. These pathological studies indicate that coronary thrombosis results from PR and plaque erosions in approximately 55% to 60% and 33% to 44% of cases, respectively. The incidence November 5, 2013 November 5, :1748 of calcified nodules, which represent the least frequent cause of luminal thrombosis in ACS, was reported 4% to 7% (1). Our study showed that the prevalence of PR in patients with ACS was 44%, whereas those of OCT-erosion and OCT-CN were 31% and 8%, respectively. One of the reasons for the lower incidence of PR and OCT-erosion in the present study is likely the different population being studied. van der Wal et al. (5) studied only case subjects presenting with acute MI, whereas Farb et al. (12) studied case subjects dying of SCD, and Hisaki et al. (13) studied case subjects dying of ACS. We studied typical patients presenting with the full range of ACS. Another reason is the selection of patients on the basis of the ability to undergo OCT imaging. Patients with STEMI and large NSTEMI and sicker patients would be less likely to undergo pre-intervention OCT imaging. This biases the study toward a patient population with more stable presentation and more NSTE-ACS. The frequency of PR in our population might have been underestimated, given that PR is more common in STEMI. Clinical characteristics of patients with PR, OCTerosion, or OCT-CN. Autopsy studies have shown a significantly increased prevalence of plaque erosion in younger patients (<50 years old), especially in younger female Jia et al. November 5, 2013 November 5, :1748 Plaque Erosion and Calcified Nodules by OCT patients (12). Burke et al. (14) reported that smoking was associated with plaque erosion among female victims of sudden death. In the present study, we also found that patients with OCT-erosion are younger (<55 years of age) than those with rupture. However, OCT-erosions were not found more frequently in women than in men. This discrepancy could be due to the difference in populations studied (cases of SCD vs. patients with ACS). Specifically, subjects evaluated in the postmortem studies were significantly younger than typical patients with a history of CAD and/or ACS. Furthermore, SCD is dependent on not only the plaque pathology but also the relative thrombotic state of the patient and their propensity to develop a fatal arrhythmia. This raises the possibility of selection bias in evaluating the clinical characteristics of these patients. The population in this study was more representative of patients who are seen in clinical practice. Alternatively, we might be classifying lesions as plaque erosions by OCT that would not be diagnosed as such by pathology. However, we found that the frequency of STEMI was significantly higher in the patients with PR than others. In contrast, NSTE-ACS was predominant in patients with OCT-erosion and OCT-CN. These differences were consistent with the previous study, which reported that patients with plaque erosion had less STEMI on admission and less Q-wave MI than those with ruptures (15).
Pathologically, calcified nodules are heavily calcified lesions consisting of calcified plates and overlying disrupted thin fibrous cap and thrombus and are more common in older individuals (1, 16) . Recent studies showed that coronary calcification was more frequent and severe in patients with chronic kidney disease compared with those with normal renal function (17, 18) . These results support our findings that OCT-CN was observed more frequently in older patients (>65 years of age) with hypertension, chronic renal disease, and higher level of creatinine. Underlying plaque characteristics of ACS. Previous work showed that plaque erosion occurred over lesions rich in smooth muscle cells and proteoglycans. The deep intima of the eroded plaque often showed extracellular lipid pools, but necrotic cores were uncommon (1) . In the present study, all PR were detected in the context of lipid plaques. In contrast, 44% of OCT-erosions were detected in lipid plaques, and 56% were detected in fibrous plaques. This finding is consistent with pathological results that necrotic core was detected in 100% of PR and 47% of plaque erosion (6) . Autopsy studies have shown that more than 88% of coronary thrombi overlying plaque erosions exhibited late stages of healing characterized by invasion of organized layers of smooth muscle cells, endothelial cells with varying degrees of platelet/fibrin layering. In patients with PR, only 50% of thrombi showed evidence of healing (6) . In our study, fibrin rich red thrombus was frequently found over ruptured plaque, whereas platelet rich white thrombus was the predominant type of thrombus formed over OCT-erosion and OCT-CN. Clinical implication. The distinct pathological features and clinical characteristics associated with PR, OCTerosion, and OCT-CN suggest that they might be caused by different pathophysiologic processes and therefore might merit tailored treatment. The present study also showed that the presentation with STEMI was more common in patients with PR, whereas NSTE-ACS was more frequent in those with OCT-erosion and OCT-CN. Plaque rupture induces massive thrombus formation at the culprit site. In contrast, OCT-erosion seems to result in less thrombus burden, preserved vascular structure, and larger lumen (6, 12) . Given these features, it is conceivable that patients with OCTerosion might be stabilized by effective antithrombotic treatment without stent implantation, thereby avoiding both early and late complications associated with stent. However, further evidence is needed to support our findings to guide clinical practice. Study limitations. First, the present study involves a small cohort with ACS and is highly selected on the basis of the ability to undergo OCT imaging. However, this is the first in vivo study to systematically investigate and classify the underlying plaque characteristics of ACS lesions with intravascular imaging. Second, the definitions of plaque erosion and calcified nodule as detected by OCT were not validated by pathology in these patients. True pathological validation is impossible, because of the fundamental difference in analyzing patients who died from ACS and those who survived and have been treated with antithrombotics. Specifically, intracoronary thrombus burden in patients treated for ACS would have been altered by treatment. Therefore, the diagnostic criteria used were established in collaboration with pathologist (R.V.), imaging specialist (J.N.), and clinicians. Third, the presence of thrombus overlying the culprit lesion might reduce the ability to assess the underlying plaque characteristics by OCT. Therefore, patients with massive occlusive thrombosis were excluded from our study. In addition, the pathological definition of calcified nodules requires a fracture of the underlying calcified plate. OCT is not an ideal tool to visualize a deep fractured calcified plate. Finally, the absence of endothelial cells is a key pathological criterion for erosion. Despite its high resolution, current OCT technique cannot detect individual endothelial cells. As a result, the OCT definition of plaque erosion was based primarily on a diagnosis of exclusion requiring the absence of a fibrous cap rupture.
Conclusions
This study demonstrates that OCT is a promising modality for in vivo diagnosis of PR, OCT-erosion, and OCT-CN. OCT-erosion is a frequent finding in patients with ACS, which accounts for 31% of cases in the present study. OCTerosion is more frequent in younger patients with NSTE-ACS and has less severe luminal stenosis, compared with PR. In addition, OCT-erosion has higher incidence of platelet-rich thrombus. OCT-CN is the least common etiology for ACS and is more common in older patients. 
